Introduction 22
Changes to the landscape affect many hydrologic processes and ecosystem services (Daily 1997 This study extends the application of the curve number method for land-management 48 decisions when the uncertainty of the event-based method is tolerable but rainfall event data are 49 unavailable. This investigation tests whether direct runoff accumulated over a month or year can 50 be estimated, without an appreciable increase in the uncertainty, by approximating the 51 distribution of actual rainfall depths with an exponential distribution. Rather than requiring a full 52 description of event-by-event precipitation, this new approach requires only total rainfall and an 53 estimate of the number of events over the defined period of interest. The sections that follow 54 explain this new approach and present results from tests on 544 U.S. watersheds. 55
Curve number method applied to event rainfall 56
The curve number method estimates the depth of direct runoff from a specified rainfall event 57 (NRCS 2004b) . Direct runoff refers to the water that reaches a stream quickly without 58 specification of the pathway or origin of that water (Hawkins et al. 2009 ). For a given rainfall 59 depth, Pi, the depth of direct runoff, Qi, is calculated as 60
where the subscript i refers to an individual event, S is maximum potential retention with 61 dimensions of depth, and lS is the rainfall depth needed to initiate runoff, also called the initial 16.4 mm of runoff is generated by the two largest events, and the contribution of the small events 88 to the total error in accumulated runoff is small. Consequently, when event data are available, 89 accumulated runoff over a longer time period (QN) can be estimated by direct application of the 90 curve number method to n events over a period of N days, 91 
where p is rainfall depth and a is the mean event depth, which can be estimated as
cumulative runoff from seven such events would be just 5.6 mm; if Eq. Because the curve number method is not appropriate for snowmelt, analyses were limited to 130 snow-free months and years. For the monthly analysis of each watershed, this study eliminated 131 all months for which the snow-water equivalent was non-zero for some time during the month. 132
Similarly, for the annual analysis, all years that were influenced by snow were removed. To 133 ensure an adequate sample size of monthly runoff values for each watershed, monthly analyses 134 were restricted to watersheds with more than ten months (total, not per year) of snow-freeobservations, and annual analyses were limited to watersheds with more than ten years of snow-136 free observations. 
Curve numbers determined from daily records 146
The objective of this investigation is to test whether the accumulated runoff estimated by using 147 an exponential distribution of rainfall depths is equivalent to that determined by applying the 148 curve number method directly to a record of daily rainfall depths. To separate the uncertainty 149 introduced by the use of tabulated curve numbers from the uncertainty due to the approximation 150 of the rainfall distribution, a curve number for each watershed was determined through 151 calibration. Consistent with the intent of estimating accumulated runoff, the curve number for 152 each watershed was determined by matching the cumulative direct runoff, estimated by applying 153 the curve number to daily rainfall, to the cumulative observed runoff over the entire period of 154 record. This calibration ensures that the average bias in the daily application of the curve 155 number method is zero, i.e., the mean error between observed (monthly or annual) runoff and the 156 runoff estimated by application of the curve number method to daily rainfall is zero. 157 Accumulated runoff is dominated by large events, and the largest events of the period of record 158 strongly influence the calibration of the curve number. 159
With a calibrated curve number for each watershed, this study applied Eq. (1) to daily 160 rainfall to compute daily runoff, which was then summed to create records of monthly and 161 annual direct runoff. Monthly and annual errors were quantified by taking the difference 162 between the monthly and annual estimates and observations: 163
where Qm daily and Qa daily represent the monthly and annual direct runoff, respectively, estimated 164 by applying the curve number method to daily rainfall. By design, the mean values of em daily and 165 ea daily are zero for each watershed, as noted previously. 166
Application of the new approach 167
In the new approach, the actual, empirical distribution of daily rainfall depths is replaced with an 168 exponential distribution, defined by a mean event depth, a, for each month or year. This average 169 depth was calculated in two ways. One variation computed the mean rainfall depth by dividing 170 the cumulative rainfall by the actual number of days with rain in each month or year. A second 171 variation evaluated the utility of the new approach when information on number of events is 172 approximate. In the monthly application, mean rainfall depth was computed with the average 173 number of events for that month over all years in the dataset for that watershed (for example, the 174 average number of events for all Septembers). Similarly, the average number of events per year 175 was used in the annual application. The resulting two variations of the exponential distributions 176 were used with calibrated curve numbers in Eqs. 
Results

236
Removing months and years with snow from the analyses left 544 watersheds with more than ten 237 months of monthly runoff observations and 97 watersheds with more than ten years of annual 238 data (Fig. 1) . The total number of observations of monthly runoff across all watersheds and all 239 months is 127 927; the number of total observations of annual runoff is 2270. Estimates of mean 240 monthly runoff from the new approach show good agreement with the observed runoff (Fig. 2) . 241
Though the mean errors are statistically different from zero (95% confidence), they are small: 1.2 242 mm/month and 2.9 mm/month for use of the actual and average number of events, respectively 243 (Table 1) . The regression slopes of 1.11 to 1.20 indicate that the estimated mean monthly runoff 244 page 13 of 21 is approximately 10-20% greater than observed (Table 1 and Fig. 2 ). Considering each 245 watershed separately, the error in mean monthly runoff is indistinguishable from zero (95%-246 confidence interval) for 65% of the 544 watersheds when the actual number of rain events is 247 used in the new approach (Table 2) . When the average number of events per month is used, the 248 error in mean monthly runoff is indistinguishable from zero (95%-confidence interval) for 26% 249 of the 544 watersheds. For both monthly approaches, estimates of mean monthly runoff for all 250 (100%) of the 544 watersheds fall within the envelope of uncertainty associated with using 251 tabulated curve numbers (x's in Figure 2) . 252
The RMSE of monthly runoff for the application of the calibrated curve number method 253 to daily rainfall quantifies the structural error of the method. is approximately 5-10% larger than the RMSE for monthly runoff determined via application of 257 the curve number method to daily data (Table 1 and Figure 3 ). Mean monthly errors from the 258 approach using the average number of events per month are larger than those from the approach 259 that uses the actual number of events. The paired test of differences in monthly squared errors 260 (Eq. 15) found that monthly squared errors from the new approach are not significantly larger 261 than the errors from the daily application of the curve number method for 80% and 65% of the 262 watersheds (actual and average number of events, respectively, 95%-confidence, 1-sided test, 263 Table 2 ). 264 Tables 1 and 2 (Table 1) . 270
Mean error in annual runoff is indistinguishable from zero for 64% (actual number of events) 271 and 65% (average number of events) of watersheds. Errors in annual estimates of direct runoff 272 with the new approach are comparable to the errors associated with employing the curve number 273 method to daily data (Fig. 5) . The RMSE of annual runoff determined via the new approach is 274 approximately 4 mm larger than the RMSE of annual runoff determined via application of the 275 curve number method to daily data, indicated by regression slopes of 1.0 and intercepts of 4 mm 276 (Table 1 and (Fig. 2  286 and Table 1 ) may indicate a deviation from the simplification of an exponential distribution of 287 rainfall events. If actual rain events within a month are more similar to each other, i.e., if the 288 empirical distribution has a smaller variance than the exponential, then the approach based on the 289 exponential distribution would overestimate runoff, consistent with what is seen in Fig. 2 . 290
Month-to-month and year-to-year errors in estimates from the new approach are similar to errors 291 from the application of the curve-number method to daily rainfall (Tables 1 and 2 and Figs. 3 and  292 5). Most importantly, mean monthly and annual estimates of direct runoff lie well within the 293 confidence interval attributed to uncertainty in the curve number (Figs. 2 and 4) . This is 294 consistent with earlier findings that estimated runoff is more sensitive to the selection of the 295 curve number than to the precipitation depth (Hawkins 1975) and indicates that the 296 approximation of an exponential distribution of rainfall depths does not appreciably increase the 297 uncertainty associated with the application of the curve number method in ungaged watersheds. 298
The large uncertainty in estimates of monthly and annual runoff for ungaged watersheds suggests 299 that runoff estimates should be used with care. 300
While the new approach does not require daily rainfall data, it does require an estimate of 301 the number of rain events within a given period of interest. Tables 1 and 2 and D, respectively), despite the increase in total streamflow. The large uncertainty associated 329 with using a tabulated curve number (characterized by ARC I and III), however, prevents a 330 definitive statement, as the confidence intervals for the change in baseflow include zero (Table  331 3). Nonetheless, the interpretation that baseflow is more likely than not to decrease when forest 332 is converted to pasture may be sufficient to inform land-management decisions. The authors either removed these basins from further analysis or modified the data as indicated 345
in Tables A1-A2 Mean monthly direct runoff estimated by new approach versus observed mean monthly direct runoff for 544 U.S. watersheds. Circles represent estimates for which the actual number of rain events per month were used; pluses represent estimates that use the average number of events per month. The uncertainty envelope associated with tabulated curve numbers is given by the x's.
Figure 3
Comparison of root-mean-squared error (RMSE) for estimates of monthly direct runoff from the application of the curve number method to daily rainfall data to RMSE from the new approach for 544 U.S. watersheds. Circles represent estimates using the actual number of rain events per month; pluses represent estimates that use the average number of events per month.
Figure 4
Mean annual direct runoff estimated by new approach versus observed mean annual direct runoff for 97 U.S. watersheds. Circles represent estimates using the actual number of rain events per year; pluses represent estimates that use the average number of events per year. The uncertainty envelope associated with tabulated curve numbers is given by the x's.
Figure 5
Comparison of root-mean-squared error (RMSE) in estimates of annual direct runoff from the application of the curve number method to daily rainfall data to RMSE from the new approach for 97 U.S. watersheds. Circles represent estimates using the actual number of rain events per year; pluses represent estimates that use the average number of events per year. 
